The balance of oxidants and antioxidants within the cell is crucial for maintaining health, and regulating physiological processes such as signalling. Consequently, imbalances between oxidants and antioxidants are now understood to lead to oxidative stress, a physiological feature that underlies many diseases. These processes have spurred the field of chemical biology to develop a plethora of sensors, both small-molecule and fluorescent proteinbased, for the detection of specific oxidizing species and general redox balances within cells. The mitochondrion, in particular, is the site of many vital redox reactions. There is therefore a need to target redox sensors to this particular organelle. It has been well established that targeting mitochondria can be achieved by the use of a lipophilic cation-targeting group, or by utilizing natural peptidic mitochondrial localization sequences. Here, we review how these two approaches have been used by a number of researchers to develop mitochondrially localized fluorescent redox sensors that are already proving useful in providing insights into the roles of reactive oxygen species in the mitochondria.
Introduction
Mitochondria are the sites of many critical physiological functions including oxidative phosphorylation, amino acid and fatty acid metabolism and the biosynthesis of hormones [1] . As these processes all involve oxidation-reduction reactions, mitochondrial redox regulation and dysregulation has far-reaching consequences that affect the health of cells and the whole body. Levels of reactive oxygen species (ROS) are key to the redox status of mitochondria, and indeed the rest of the cell.
The mitochondria are a major site of ROS production within the cell. This process begins with the premature leakage of electrons from the electron transport chain to molecular oxygen to form the superoxide radical, the predecessor of most other ROS [2] . These processes have been extensively reviewed elsewhere [2] [3] [4] [5] .
It is now well established that mitochondrial ROS are essential in both physiological and pathological processes. These small molecules play important roles in signalling, with various physiological outcomes, including controlling stem cell differentiation [6] and cardiac remodelling [7] , and maintaining the morphology of mitochondria [8, 9] . Furthermore, mitochondrially derived ROS are key to signalling processes elsewhere in the cell [10] . In the meantime, excessive mitochondrial ROS production can be damaging to the organelle and to the cell. For example, the hydroxyl radical, produced from the Fenton reaction between iron and hydrogen peroxide, can cause damage to mitochondrial DNA [11] , the highly localized production of ROS can damage mitochondrial proteins [12] , and severe mitochondrial oxidative stress leads to apoptosis [3] .
There is an ongoing requirement to better understand mitochondrial redox processes, whether to screen for mitochondrial disease [13] , to identify the most effective mitochondrially targeted drugs [14] , or to uncover new roles for mitochondrial metabolites [15] . To achieve these aims, there is a need for the identification and development of the most suitable tools to elucidate and monitor mitochondrial redox state.
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In studying mitochondrial ROS and redox processes as distinct from those elsewhere in the cell, it is important that techniques enable selective study of mitochondria, without capturing interfering events in other regions of the cell. Some studies, such as 31 P magnetic resonance spectroscopy (MRS) [16] and electron paramagnetic resonance (EPR) [17] rely on a predominance of mitochondria-derived signal (from ADP/ ATP and free radicals, respectively) over that from rest of the cell. A clearer picture of mitochondrial chemistry can be achieved by physical separation: studies of isolated mitochondria are routinely performed, and can give very useful information [5, 18] . However, in cases where cells are to be monitored over long periods of time, and where there is an interest in investigating the effects of cytoplasmic events on mitochondrial ROS levels, it may be necessary to specifically study the mitochondria within a living cell. Electron microscopy enables the study of morphological changes in individual mitochondria of fixed cells, without providing any chemical information [19] . In order to gain information about the redox environment, or ROS levels, in mitochondria, it is necessary to use chemical tools, in the form of fluorescent sensors, or probes.
Fluorescent sensors may be genetically encoded or exogenously applied, and they change their fluorescence output (whether emission wavelength or intensity) in response to a chemical stimulus [20] . Fluorescent sensors of ROS have proved the mainstay of redox biology studies, and have been reviewed elsewhere [21 -23] . Given the key importance of mitochondrial ROS, it is valuable to identify the most appropriate tools for studying this organelle, which will be the subject of this review.
Targeting cargo to cells and organelles can be achieved by employing passive or active transport mechanisms; both of these strategies have been successfully exploited to target redox probes to mitochondria (figure 1). Selective mitochondrial uptake via passive transport can be achieved by using lipophilic cations (figure 1a). The key feature of the mitochondrion enabling this strategy is an exceptionally negative potential across the inner membrane, established by the active proton efflux machinery, instrumental in ensuring the appropriate functioning of the cellular respiration and electron-transfer processes. The built-up potential across this most negatively charged membrane in the cell oscillates between 2150 mV and 2180 mV in healthy mitochondria, and enables increased accumulation of cationic species at its periphery [24] . The delocalization of charge over a lipophilic scaffold of the molecule, in turn, permits its membrane crossing. Commonly used lipophilic cations include triphenylphosphonium (TPP), cationic fluorophores and cationic short peptide sequences. Alternatively, larger molecules (such as proteins) can be reliably directed to the mitochondria by active cellular transport based on the recognition of naturally occurring mitochondrial localization sequences (MLS) (figure 1b).
Total mitochondrial ROS levels are a function of mitochondrial number as well as health, so sensors must do more than just report on total mitochondrial ROS load. There are three main characteristics of such sensors, which can be included in the design to give valuable information about mitochondrial redox function.
(1) Temporal resolution (figure 2a). A reversible probe is one that is able to cycle between off and on states, and they can be used to monitor mitochondria during physiological events where analyte levels fluctuate over time. Such probes can be applied to differentiate between chronic oxidative stress and transient changes in redox equilibria, which occur during physiological signalling events; a single time-point reading of high ROS could result from either of these conditions. rsfs.royalsocietypublishing.org Interface Focus 7: 20160105 (2) Specificity for individual ROS (figure 2b). It is known that individual ROS play unique roles in mitochondrial signalling processes-for example, peroxynitrite stimulates pentose phosphate pathway activity [25] -and therefore a better appreciation of these interactions relies upon the ability to distinguish individual ROS. (3) Ratiometricity of response. The most common mode of fluorescence sensing is intensity-based (commonly termed 'turn-on'), where the intensity of emission at a single wavelength increases with the sensing event. However, analysis of outputs from such sensors can be confounded by the fact that fluorescence intensity is also a function of probe concentration, and therefore also mitochondrial number. These challenges are particularly significant in the context of mitochondrial sensing, as mitochondrial membrane potential can also affect probe accumulation. This can be circumvented by the use of a ratiometric probe, for which the analyte induces a change in the fluorescence spectral form, and hence the emission or excitation colour rather than intensity (figure 2c). The ratio of emission outputs will not be a function of probe concentration, and will instead report only on the analyte concentration.
In order to ensure the greatest efficiency of response, the probe should initially remain almost entirely reduced in the given environment, and then be oxidized only in the presence of the oxidation event of interest. This, in turn, strongly depends on matching the reduction potential of the probe and the investigated environment. Because mitochondria represent a highly reducing subcellular location, the optimal probes should exhibit low reduction potentials. Probes with a less negative reduction potential will therefore be less responsive to small changes in the environment potential.
Here, we review mitochondrially targeted redox sensors, grouped according to targeting strategy, whether (i) synthetic lipophilic cations such as TPP and other fluorophores or (ii) naturally occurring mitochondrial-targeting sequences (table 1).
Triphenylphosphonium-targeted probes
TPP is extensively used as a mitochondrial-targeting group, [47] because its attachment to cargo is straight-forward and mitochondrial targeting is reliable. TPP is robust and versatile, and to date, it has been used to target a range of both nanoparticles and small molecules [48] [49] [50] . TPP has been used to successfully deliver a number of redox probes to the mitochondria, including MitoHE, MitoPY-1, SSH-Mito and NpFR2. These probes will be explored in the following paragraphs.
Hydroethidine (HE) is one of the most widely employed fluorescent sensors of cellular ROS [51] . It reacts with oxidants to form ethidium derivatives, which exhibit enhanced fluorescence properties. In this reaction, conjugation of the molecule is extended when the aniline moiety converts to an iminium cation upon oxidation ( figure 3 ). This gives rise to a fluorescent ethidium derivative. Fluorescence intensity is further enhanced after intercalation with DNA. Hydroethidine has been applied to detect oxidants that are hydride acceptors including superoxide, and other ROS such as hydroxyl radical and peroxynitrite. Reaction with superoxide results in an additional hydroxylation (figure 3), which can be distinguished by high-performance liquid chromatography (HPLC) [52] , and causes a fluorescence change that can be detected in vitro but not by microscopy [27] . While HE localizes in the cytoplasm, MitoHE (also called MitoSOX) is the mitochondrially targeted version, utilizing TPP as the targeting moiety [26] [27] [28] . MitoHE is commonly used, but can disrupt mitochondria function by inhibiting complex IV at micromolar concentrations [53] . It is also oxidized by iron or haem proteins such as cytochrome C, forming fluorescent and non-fluorescent dimers in a radical-mediated process [54] .
MitoPY1 belongs to the broad family of hydrogen peroxide probes that utilize the selective unmasking of boronate by hydrogen peroxide [55] , as well as peroxynitrite [56] , hypochlorous acid [56] and amino acid hydroperoxides [57] . This probe contains the fluorophore fluorescein, for which ketoenol tautomerism and lactone ring-opening is essential for fluorescence. In MitoPY1, this tautomerization is prevented by the boronate-masking group, and deprotection by peroxide or peroxynitrite results in a sixfold increase in yellow fluorescence (figure 4). The authors reported use of this probe in HeLa cells to image hydrogen peroxide in mitochondria [29] .
Levels of oxidized and reduced thiols are a good reflection of biological redox status, and SSH-Mito has been reported as a probe for mitochondrial thiols [30] . roGFP1 and roGFP2 [38, 39] naphthalene ring, and in SSH-Mito, this amine is protected as a carbamate. Upon reduction of the redox sensitive disulfide bond, the free nucleophilic SH group can cleave the carbamate, unmasking the amine. This reaction irreversibly red-shifts the fluorescence of the probe from blue to yellow. The extent of reduction of the probe can be determined by monitoring the ratio of yellow to blue fluorescence (at 550 nm and 450 nm, respectively). Mitochondrial localization is again achieved by incorporation of TPP, and the efficiency of this strategy was confirmed in HeLa cells. This probe was also used to image thiol levels on rat hippocampal slices [30] . Flavin is a naturally occurring co-enzyme involved in the catalysis of biological redox reactions. Flavin is fluorescent in its oxidized form, but its fluorescence is diminished upon two-electron reduction, as flavin undergoes a conformation change from planar to bent [58] . The flavin moiety has been employed in a number of reversible ROS sensors [59 -61] , including the mitochondrially targeted NpFR2, which exhibits a 115-fold increase in fluorescence upon oxidation (figure 6) [31] . NpFR2 responds non-selectively and reversibly to a range of ROS, and the probe was used to monitor the global redox state in primary mouse bone marrow, thymus and spleen cells.
HKSOX-1 m is a turn-on probe for imaging superoxide (figure 7) [62] . The 5-carboxy-2 0 ,4 0 ,5 0 ,7 0 -tetrafluorofluorescein fluorophore core was selected for its low pK a of 3.7, which minimizes fluorescence quenching even in the most acidic cellular environments. In this probe, the fluorophore is initially switched off because the ketone electron acceptor and phenol electron donor are both masked with an aryl trifluoromethanesulfonate group, preventing their participation in the ICT fluorescence mechanism. In the presence of superoxide, the aryl trifluoromethanesulfonate groups are cleaved, unmasking the free phenol and ketone, thereby switching the fluorescence on. The probe shows good selectivity for O 2 †2 over other strong oxidants, with a greater than 650-fold increase in fluorescence intensity upon superoxide treatment. Biological experiments were performed with differentiated human THP-1 cells and mitochondrial superoxide production was stimulated with antimycin A. HKSOX-1 m incorporates TPP as a targeting group, and cell staining patterns strongly suggests mitochondrial localization, but co-localization with a known mitochondrial stain was not reported.
One disadvantage of using TPP is that there must be a free site on the probe that can be modified so that the targeting group can be attached. Not all probes have such reactive rsfs.royalsocietypublishing.org Interface Focus 7: 20160105 sites, and furthermore, required modifications to a fluorophore can often change its photophysical properties. Certain fluorophores can themselves act as targeting groups for the mitochondria, and can therefore have a dual role in the design of probes. These examples will be discussed in the following section.
Small-molecule cationic fluorophores as targeting groups
While TPP is a good mitochondrial-targeting group, many probes naturally localize to mitochondria without the aid of an additional targeting group. These probes often contain lipophilic cationic dyes including cyanine and rhodamine, which can localize into the mitochondria similarly to TPP. While eliminating the necessity of incorporating sterically bulky targeting groups that can interfere with the probe function, the localization of these fluorophores can change following synthetic modification, like the introduction of charge-altering sensing moieties, limiting their versatility. This method is therefore not as robust as the use of TPP. Rhodamine 123 was among the first fluorophores reported to stain mitochondria [63] , and many rhodamine-based mitochondrial stains are now available, including the CMXRos dyes (Thermo Fisher) and Mito Red (Sigma-Aldrich). Rhodamine has been employed as both a fluorophore and targeting group in a number of mitochondrial redox probes.
MitoAR and MitoHR are probes for detecting highly ROS (OH † , ONOO 2 and OCl 2 ) in the mitochondria (figure 8) [32] . Both probes contain tetramethylrhodamine as the targeting group and fluorophore, and 4-aminophenyl aryl ether (for MitoAR) or 4-hydroxylphenyl aryl ether (for MitoHR) as the sensing group. The sensing group quenches the fluorescence of rhodamine via an intramolecular photoinduced electron-transfer (PET) mechanism. Highly ROS are able to irreversibly cleave the ether linkage and switch fluorescence on by removing the PET quencher. MitoHR was shown to be most sensitive towards the hydroxyl radical, displaying a greater than 500-fold fluoresence increase, while MitoAR showed greatest sensitivity to hypochlorite, with a 1500-fold fluorescence increase. Co-localization experiments were performed in HeLa cells, and highly ROS were imaged in HL-60 cells.
RhoSS is a mitochondrial glutathione probe constructed on the rhodamine 101 scaffold ( figure 9) [33]. Rhodamines contain two amino groups that are required for fluorescence, but in RhoSS, these amino groups are protected as carbamates and fluorescence is therefore switched off. Reduction of the disulfide bond attached to these carbamates leads to self-immolation and unmasking of the amines. One amine then undergoes tautomerization to an iminium cation, Consequently, RhoSS must be fully deprotected to achieve fluorescence, and a 2000-fold increase in emission intensity can be observed in the presence of glutathione, but the response to other reductants was not investigated. Interestingly, mitochondrial localization in HeLa cells was observed, despite the fact that the positive charge on the probe before activation is highly localized on the alkyl NH 3 þ moiety. Therefore, the staining pattern could be due to the highly reducing nature of mitochondria, or the preferential re-distribution of the unmasked rhodamine 110 to this organelle. This probe was used to image intracellular glutathione in HeLa cells. FRR2 utilizes the same flavin redox switch as NpFR2, but incorporates a rhodamine group both as a mitochondrialtargeting group and acceptor fluorophore (figure 10) [34] . FRR2 operates by a Förster resonance energy transfer (FRET) mechanism, where oxidized flavin absorbs light and transfers excited state energy to rhodamine, which releases the energy as fluorescence. When flavin is reduced, its ability to transfer energy to rhodamine is diminished, leading to lower fluorescence output. FRR2 is termed an excitation-ratiometric probe because the extent of oxidation can be quantified by comparing the fluorescence output obtained after exciting the flavin, then directly exciting the rhodamine. FRR2 responds non-selectively and reversibly to a wide range of oxidants, and therefore can be considered to indicate the global redox state. The probe was used to study primary haematopoeitic cells from mice at different developmental stages.
MitoRP consists of the coumarin 343 fluorophore linked to a redox-responsive stable nitroxyl radical, TEMPO (figure 11) [35] that can be reversibly transformed to its corresponding hydroxylamine upon reduction. While the nitroxide radical is able to quench the fluorescence of coumarin 343, reduction to the hydroxylamine form leads to a threefold increase in fluorescence intensity. MitoRP is particularly sensitive towards the activity of complex I of the electron transport chain, and therefore its staining pattern aligns with the mitochondria, despite the non-cationic, electroneutral character of the probe.
Cyanines are another class of cationic fluorophores commonly used to stain mitochondria. Examples of commercially available cyanine-based mitochondrial stains include JC-1, DiOC 6 and Mitotracker Deep Red FM (Thermo Fisher). Cy-O-EB is a mitochondrial redox probe that mimics the active site of glutathione peroxidase, in which a selenoenzyme uses glutathione to catalyse the rapid breakdown of hydrogen peroxide [36] . By mimicking this system, Cy-O-EB can reversibly sense the GSH/H 2 O 2 redox couple. Cy-OEB integrates cyanine as both a fluorophore and lipophilic cationic targeting group, and ebselen as a reversible redox-sensing group (figure 12). Ebselen is a five-membered ring containing a BuOOH, but other oxidants were not tested. This probe was used to monitor fluctuations in oxidative stress in wounded zebra fish and mitochondrial localization was confirmed in Hep2G cells.
As mentioned earlier, mitochondrial DNA is more prone to oxidative damage, because there are higher ROS levels in mitochondria compared with the nucleus. Pep1-NP is a probe that measures hydrogen peroxide near mitochondrial DNA, containing a cationic styryl dye that shows enhanced fluorescence upon intercalation with DNA ( figure 13 ). Additional DNA targeting is achieved by integrating a DNA binding peptide, while the positively charged dye is thought to facilitate mitochondrial uptake. The hydrogen peroxide sensing unit comprises a 1,8-naphthalimide fluorophore with a boronate group at the eighth position which is reactive towards hydrogen peroxide. This boronate group prevents the intramolecular charge transfer (ICT) necessary for naphthalimide fluorescence, but the process can be restored upon unmasking of the electron donor following reaction of the boronate with hydrogen peroxide. Co-localization studies were performed in HeLa cells, and the probe response was studied in HeLa cells dosed with hydrogen peroxide [37] .
The interpretation of the mitochondrial localization of the turn-on probes (e.g. MitoRP), unlike those with a constantintensity fluorescent peak serving as an internal standard, must be done with care, as in these cases the mitochondrial staining pattern can arise due to an organelle-specific activation of the probe and not necessarily as a consequence of selective localization. In addition, TPP and lipophilic cations are limited in their use when studying metabolically disrupted mitochondria. As they operate by electrostatic accumulation at the negatively charged mitochondrial inner membrane, any loss or weakening of this negative membrane potential will affect the mitochondrial accumulation of these probes. Furthermore, by their proximity to the electron transport chain machinery, the probes can potentially disrupt this process and ultimately dissipate the membrane potential on their own.
Mitochondrial localization sequences as a targeting strategy
MLS are short peptides that are often found on the N-terminus of cytoplasmically expressed mitochondrial proteins. These sequences are recognized by the cell's own mitochondrial import machinery, and therefore can deliver cargo to mitochondria independently of their membrane potential. Therefore, MLS have been widely used to deliver protein probes to mitochondria, usually through attachment to their N-terminus [64] . The MLS is commonly attached to proteins using commercially available plasmids that contain the MLS gene in a region flanking the inserted gene for the protein of interest. Many of these ready-to-use plasmids are available via open source (for example Addgene). Depending on which MLS is selected, targeting regions within the mitochondria, such as the mitochondrial membrane (MM) or the intermembrane space (IMS) can be achieved. MLS typically contain several dozen amino acids, making them significantly larger than small-molecule redox probes. This not only poses a synthetic challenge, but can also potentially influence the reactivity and accessibility of the probes reactive centre. In addition, the high intrinsic charge and hydrophilicity of the MLS might hinder cellular uptake, a process that is indispensable for the delivery of the extracellularly applied smallmolecule probes. Therefore, this section primarily comprises examples of genetically encoded protein-based redox sensors that have been successfully used to monitor redox state of mitochondria of live cells, with one recent example of the first small-molecule redox probe using this targeting strategy. For more details on redox-active fluorescent protein probes, the reader is referred to several excellent reviews on the topic [21, [65] [66] [67] .
The general strategy to develop redox indicators from fluorescent proteins is to artificially introduce a redox-active disulfide bond in the proximity of the fluorophore. Reduction or oxidation of this bond then leads to a subtle change in the protein conformation, altering the local environment around rsfs.royalsocietypublishing.org Interface Focus 7: 20160105 the fluorophore and thus leading to a change in the fluorescence [41, 68] . In order to target these sensors to mitochondria, the redox protein sequence is inserted into a plasmid containing an MLS that targets either the mitochondrial matrix or IMS. In choosing the construct, matching it to the biological model of interest is of crucial importance: some plasmids will be suitable for human-derived cell lines, while others might be more appropriate for transfecting yeasts or other organisms. More information on the mechanisms of active protein uptake into mitochondria and selection of appropriate MLS can be found elsewhere [64, 69, 70] . It is important to keep in mind that the transfection efficiency will be different for different cells, which remains one of the major challenges in using genetically encoded sensors.
The first example of a redox-responsive genetically encoded indicator was rxYFP, [41] in which the oxidative formation of the disulfide bond facilitates the transition of the yellow fluorescent protein (YFP) fluorophore to a protonated, nonfluorescent form (l abs ¼ 404 nm), with a subsequent decrease in the excitation peak at 512 nm (l em ¼ 523 nm). The response of the probe to GSH/GSSG and other redox pairs is slow, and in cells is believed to depend on the activity of intracellular redox enzymes [71] . This, together with the sensitivity of YFP to pH and inorganic anions [41, 72] limits its practical application. Mitochondrially targeted variants have been used in HeLa cells [73] and Saccharomyces cerevisiae [42] .
Significant improvements have been achieved by the development of cytosolic [68] and mitochondrially targeted [38] roGFP1 and its brighter analogue roGFP2; excitationratiometric redox-responsive probes based on green fluorescent protein (GFP). Their response to the changes in the local redox state of GSH/GSSG buffer is mediated by the catalytic activity of glutaredoxins and other intracellular cofactors and is independent on the pH. roGFP1 and roGFP2 have been extensively employed to study the redox state in the mitochondrial matrix of a variety of biological models from cancerous and primary lines of human cells [38, 74] , to animal models including Caenorhabditis elegans [75] , zebrafish [76] , and mice [77 -79] , to plants [80, 81] . They have also been successfully targeted to the mitochondrial IMS [39, 82, 83] .
To decouple the oxidative response of the probe to the GSH/GSSG redox pair from other endogenous cofactors and improve the kinetics of the response, roGFPs have been covalently linked to the Grx1 (glutaredoxin) catalytic domain [43] enabling real-time selective monitoring of the changes in GSH/GSSG ratio in cells. Interestingly, no depletion of the endogenous levels of GSH has been observed with the use of Grx1-roGFP2 construct, suggesting its limited impact on intrinsic cellular redox homeostasis. Similarly to roGFPs, this probe has also been widely used in studying mitochondria in cultured cells [43] , as well as in vivo in, for example, plants [84] , Drosophila [44, 84] and mice [85] .
The fusion protein of roGFP2 and Orp1, a thiol peroxidase protein, gave an excitation-ratiometric probe, Orp1-roGFP2, highly selective for H 2 O 2 [86] . In the presence of hydrogen peroxide, the initial highly sensitive oxidation of the Orp1 can then be communicated to the nearby roGFP2 by thioldisulfide exchange leading to the fluorescence response. While the probe can detect H 2 O 2 concentrations as low as 12.5 mM, the reduction of the probe back to its initial state is realized by GSH and thioredoxins, ensuring that the probe responds within the redox window of the cell. The Orp1-roGFP2 has been successfully targeted to the mitochondrial matrix of Drosophila to study the fluxes of mitochondrial H 2 O 2 in this organism during development and ageing [44] .
HyPer is another family of versatile genetically encoded probes, which are highly selective for H 2 O 2 , constructed on the basis of the S. cerevisiae OxyR domain that modulates the fluorescence of circularly permuted (cp) fluorescent proteins (cpYFP in excitation-ratiometric HyPer, HyPer-2 and HyPer-3 and mApple in HyPerRed) [40, 66] . The cysteine in the OxyR domain, which upon oxidation leads to the conformational change sensed by the fluorescent protein, is initially buried in the hydrophobic pocket, enabling the access of H 2 O 2 but not of other ionic oxidants, ensuring high selectivity of these probes for H 2 O 2 . In biological systems, similarly to Orp1-roGFP2, HyPer probes are then back-reduced by the thiolreducing cellular machinery, enabling monitoring fluxes of H 2 O 2 levels in time [40] . As little as 25 nM of H 2 O 2 is sufficient to induce detectable response in HyPer protein, whereas treatment of cells with 5 mM H 2 O 2 was required to induce the observable response in the cytoplasm [40] . Further modifications led to the development of HyPer-2 with a twofold greater dynamic range of response [87] and its variant, HyPer-3, with improved response kinetics, and demonstrated suitability for fluorescence lifetime imaging (FLIM) [88] . In order to account for the intrinsic pH sensitivity of cpYFP fluorescence in HyPer probes, parallel control experiments with pH sensors and subsequent signal intensity calibration should be performed [66] . The most reliable results with this approach can be achieved by using SypHer [89] , a H 2 O 2 -irresponsive analogue of HyPer with identical pH-dependence of fluorescence. This case exemplifies the more general importance of considering pH-sensitivity of redox probes: fluorescence changes with pH should be routinely screened, and in cases where there are pH-induced perturbations in response, a pH sensor should be simultaneously employed to account for this effect.
The replacement of cpYFP with mApple led to the development of a HyPerRed [45] , which responds to the presence of hydrogen peroxide by an increase in the intensity of red fluorescence (l exc ¼ 560 nm, l em ¼ 605 nm). Despite the non-ratiometric response, HyPerRed offers significantly larger Stokes shifts than GFP and YFP-based sensors, which together with the red emission colour makes it well suited for in vivo applications.
The HyPer probes have also been reliably targeted to the mitochondrial matrix [40, 90] and mitochondrial IMS [45, 90] of HEK and other cells, providing a robust tool to study the changes in the concentration of H 2 O 2 in time.
Only recently, the first small-molecule fluorescent probe, sulfonyl-fluorescein, was reported, which was successfully targeted to mitochondria via the 25 amino acid long MLS sequence of the human COX8 enzyme, commonly used in targeting genetically encoded proteins to mitochondria (figure 14) [46] . The probe reacts selectively with superoxide, and subsequent non-redox cleavage of dinitrophenylsulfonyl ester liberates fluorescein, which leads to a fluorescence increase at 520 nm, with H 2 O 2 being the only other potential activator with only 10% of the superoxide-induced response. The attachment of the MLS sequence to the probe increased its cellular uptake in RAW 264.7 macrophages and led to an approximately fivefold increase in the fluorescence in these cells upon treatment with KO 2 . Studying the efficiency of the targeting strategy and cellular uptake in other, less active cell rsfs.royalsocietypublishing.org Interface Focus 7: 20160105 lines would be of high interest for assessing the universality of MLS as targeting groups for small-molecule probes.
Employing diverse targeting strategies
This survey of the literature has revealed that mitochondrial ROS sensors can be principally divided into two groups: small-molecule probes that employ lipophilic cations (whether appended TPP or a lipophilic cationic fluorophore); and fluorescent protein-based sensors that use a natural mitochondrial-localizing peptide sequence. This division is by no means coincidental: the incorporation of an organic tag into an organic molecule and a peptide tag into a genetically encoded sensor is the most straightforward combination. However, it is possible that mitochondrial-localizing sequences could find broader use for small-molecule targeting: the superoxide-responsive MLS-tagged organic fluorophore described above demonstrates the validity of this method [46] . Furthermore, there is precedent for using mitochondrial-localizing peptides to transport non-protein cargo including quantum dots [91] and manganese-porphyrin photosensitisers [92] . Such a strategy is going to be most likely to be useful only for very large molecules for which a lipophilic cation as a tag does not have sufficient effect, as MLS can hamper cell penetration of a molecule.
One clear distinction between the two general methods of targeting is that lipophilic cations can only localize to the mitochondria in cells that have a negative (and therefore relatively healthy) MM potential, and can subsequently leak out of mitochondria with perturbed membrane potentials. By contrast, the subcellular distribution of MLS does not depend on the membrane potential, and cargo tagged in this way can be retained.
Interestingly, short cationic peptide sequences have found less application to date as fluorescent sensors of mitochondrial ROS. Such sequences, which typically contain positive residues such as arginine and lysine [93] , have been successfully utilized to target other cargo to the mitochondria: organic and inorganic drugs including the anti-cancer agents chlorambucil [94] and a cisplatin analogue [95] , respectively; DNA damaging agents to probe mitochondrial DNA repair factors [96] ; and antioxidants [97] . The use of such sequences for targeting is therefore likely to be a valuable future research direction.
Future challenges in probe design
The task of imaging mitochondrial ROS is, without a doubt, a crucial role for chemical biologists. This is an area in which a number of untapped questions remain. It is important, however, that probe design should focus on providing new tools for unprobed questions, rather than exerting effort in duplicating current probe capabilities.
The selective sensing of individual ROS is particularly valuable in uncovering their specific roles in health and disease. However, apart from selective genetically encoded H 2 O 2 sensors and despite the prevalence of selective cytoplasmic small-molecule sensors, few truly selective probes for other ROS and RNS are available. As many ROS/RNS already have acknowledged roles in the mitochondria, including hydrogen peroxide, peroxynitrite, nitric oxide and hydroxyl radicals [98] , mitochondrially targeted sensors for these species are likely to be very valuable.
A key challenge that remains is the development of a mitochondrially localized small-molecule probe that can reversibly and selectively respond to an individual ROS. This has been achieved for the fluorescent proteins HyPer and Orp1-roGFP2, but not for any mitochondrially targeted small-molecule sensors. Indeed, purely organic systems may be unable to impart the required selectivity and reversibility; rather, it is likely that the solution will be found in metal complexes.
The use of a fluorescent sensor requires that the sensor itself does not perturb the system under study. In the case of a mitochondrial redox sensor, the probe should not alter mitochondrial redox homeostasis by the generation or consumption of ROS. While there have been reports of such perturbations, for example for the generation of ROS upon excitation of non-mitochondrially targeted GFP [99] and 2 0 ,7 0 -dichlorodihydrofluorescein (DCFH) [100] , this aspect is not routinely investigated for new probes, and should be the subject of further study. Another common concern, especially regarding the use of thiol-sensing probes is their potential unwanted interactions with endogenous thiol-containing proteins. However, the reversibility of disulfide-bond formation, and the very low (micromolar) concentrations of probe relative to cellular glutathione (millimolar) should limit this effect. This can be circumvented by the high selectivity of Grx1-roGFP2 towards glutathione.
While the advantages of ratiometric sensors are now widely accepted [101] , there remains a dearth of mitochondrially targeted ratiometric small-molecule probes, and this is certainly a valuable area for future work. Ratiometric sensors can be readily prepared by tethering of two fluorophores, whether as FRET-based sensors, as for FRR2, or incorporating a separate control peak and responsive peak, as for pep3-NP1 [37] . A third method of ratiometric sensing is the use of an inherently ratiometric fluorophore, in which electronic changes elicited by oxidation -reduction result in the altered emission wavelength of a single fluorophore. This has been used for the probe SSH-Mito, where the HOMO-LUMO gap of the benzothiazolylnaphthylamine fluorophore is modulated upon reduction-induced autoimmolation [30] . rsfs.royalsocietypublishing.org Interface Focus 7: 20160105 mitochondrial ROS is to collaborate closely with chemical biologists designing new probes: to guide synthetic effort to the most pertinent questions; and to provide an array of relevant systems in which to test and validate any new probes.
The right probe for the right job
Alongside informing new probe design, biological studies must involve judicious selection the most appropriate probe for the question being investigated. Despite the broad array of mitochondrial ROS tools presented here, only a handful are routinely used in biological studies. Indeed, a survey of the literature from 2010 to 2015 reporting the use of a fluorescent mitochondrial ROS sensor reveals that over 75% of studies use MitoHE (MitoSOX), despite its limited selectivity, as highlighted above, with a further 20% employing a fluorescent protein-based sensor. This poor uptake of improved probes is due in part to the fact that many of the probes reviewed here are not commercially available, highlighting the need for more effort on commercialization or collaboration on the part of those who make probes. It is also important, however, that a better understanding of mitochondrial redox processes requires the routine use of a broader array of available probes.
This review has summarized key probe properties that should be considered when selecting the most appropriate sensor to use. The imaging modality, and the instrument specifications, will determine the excitation and emission wavelengths that can be employed. For any temporal studies, ratiometric probes should be sought to circumvent analytical problems associated with changes in probe concentration over time. Ratiometric probes are also essential in ensuring that changes in mitochondrial ROS levels can be distinguished from altered numbers of mitochondria: in cases where it is not possible to access or use a ratiometric probe, a second, non-responsive mitochondrial marker should be concurrently employed.
The selection of a small-molecule or a fluorescent proteinbased sensor will depend on the biological system at hand. A small-molecule probe may be required for studying ex vivo samples, or for cell types that are difficult to transfect.
While there are distinct advantages to harnessing the breadth of probes now available, the use of relatively new probes must be approached with some caution. Initial validation is always required to ensure that the probe can be applied to the system under study: first validation steps might include confirming the response to exogenously applied oxidants or antioxidants.
Conclusion
The preparation and application of mitochondrially targeted ROS sensors is crucial to an understanding of the key redox processes involved in mitochondrial health and disease. In order to ensure productivity in this domain, it is necessary that there are thriving collaborations between those who prepare probes, and those who use them. Such cooperation will ensure that the most useful tools can be prepared to enable a far greater understanding of this essential organelle.
